Near-term extirpations of macroinvertebrates are predicted for mountain streams worldwide as a 25 warming climate drives the recession of high-elevation ice and snow. However, hydrological 26 sources likely vary in their resistance to climate change. Streams fed by more resistant sources 27 could persist as climate refugia for imperiled biota. In 2015-2016, we measured habitat 28 characteristics and quantified macroinvertebrate community structure along six alpine streams in 29 the Teton Range, Wyoming, USA. Strong differences in habitat characteristics (e.g., temperature, 30 bed stability, conductivity) confirmed three major alpine stream sources: surface glaciers, 31 perennial snowfields, and subterranean ice. Subterranean ice-fed streams -termed "icy seeps" -32 are common but globally understudied. Macroinvertebrate communities in glacier-and 33 snowmelt-fed streams differed significantly in multivariate space, with icy-seep communities 34 intermediate, incorporating components of both glacier-and snowmelt-fed assemblages. Because 35 the thermal environment of subterranean ice, including rock glaciers, is decoupled from large-36 scale climatic conditions, we predict that icy seeps may persist longer on the landscape than 37 streams fed by surface ice and snow sources. Our results suggest that icy seeps are suitable 38 habitat for many macroinvertebrates occupying streams fed by vulnerable hydrological sources. 39
INTRODUCTION 42
The highest rates of climate change are occurring above the permanent treeline in alpine 43 and arctic ecosystems (Bradley et al. 2006 ). In the Rocky Mountains, warming is proceeding two 44 to three times more quickly than the global average (Hansen et al. 2005 , Pederson et al. 2010 , 45 resulting in extensive loss of glaciers and long-term snowpack (Hall & Fagre 2003) . Streams fed 46 by permanent ice may exhibit short-term increases in flow as air temperature rises and source ice 47 melts more quickly, but eventually they will shift to reduced flow with the potential for 48 intermittency or drying permanently (Hotaling et al. 2017a ). As climate change proceeds, 49 invertebrate diversity at the mountain range scale is predicted to decrease due to both overall loss 50 of habitat and summit traps, where the highest-altitude species and communities have nowhere 51 left to disperse as warmer conditions and lower elevation communities shift upward. Biodiversity 52 loss will be compounded by the loss of specific aquatic habitat types, particularly the unique 53 conditions associated with meltwater from once-permanent sources like glaciers, snowfields, or 54 subterranean ice (Brown et al. 2007 , Milner et al. 2009 , Jacobsen et al. 2012 , Finn et al. 2013a 2013b, Hotaling et al. 2017a) . Given that many alpine stream communities appear adapted to 56 unique, meltwater-associated regimes, they are likely to be highly vulnerable to climate change 57 (Giersch et al. 2017 , Lencioni 2018 . However, because alpine streams are heterogeneous with 58 respect to hydrological source, the potential also exists to identify stream types that may be 59 locally buffered from broad-scale climate patterns and therefore represent potential climate 60 refugia for alpine stream biota (Morelli et al. 2016) . 61 A major focus of alpine stream biology is understanding the links between hydrological 62 sources, the in-stream conditions they promote, and resident biotic communities (Ward 1994, 63 and groundwater-fed streams. A fourth, understudied stream type exists -icy seeps -which are 66 fed by subterranean ice (Hotaling et al. 2017a , Hotaling et al. 2019a ). The most common form of 67 subterranean ice in alpine zones is rock glaciers, masses of debris-covered ice that act as 68 conveyor belts moving fallen rock and other debris slowly downhill (Anderson et al. 2018). 69
There may be more than 10,000 rock glaciers in the western United States (Johnson 2018) and 70 they also appear common in mountainous regions worldwide (e.g., Lilleøren In this study, we addressed two major objectives. First, we sought to provide the first 97 assessment of alpine stream macroinvertebrate communities in the Teton Range. Second, we 98 explored associations between primary hydrological sources (surface glaciers, snowfields, and 99 subterranean ice) and community structure. Specifically, we asked if benthic communities 100 associated with icy seeps have substantial taxonomic overlap with the more vulnerable stream 101 types (glacier-and snowmelt-fed streams). Our study provides a preliminary look into whether 102 an underappreciated but globally common alpine stream type -icy seeps -may act as refugia for 103 ecological patterns and processes threatened by global change in mountain ecosystems. Table 1 ). Study streams were selected to span the 112 breadth of alpine hydrological sources in the range and included two streams fed by surface 113 glaciers ('glacier-fed' hereafter), two fed by subterranean ice ('icy seep' hereafter) and two fed 114 by permanent snowpack ('snowmelt-fed'). In 2015, we sampled both upstream (near the source) 115 and downstream sites on each stream ( Figure 1 ). On average, upper sites were 111 m higher in 116 elevation and 690 m stream distance from lower sites (Table 1 ). In 2016, we re-sampled the 117 upper sites with the same methods to assess inter-annual variability. We focused on upper sites 118 because they were as 'true' to primary hydrological source as possible while lower sites 119 inherently reflected various degrees of mixing among sources. In both years, snow depth in the 120 range was lower than average (152 cm in May, 1981-2010) with 2015 and 2016 at 63.3% and 121 80% of normal, respectively (Teton Pass, USDA SNOTEL). 122 123
Environmental data 124
At each site, we measured several environmental variables to characterize local habitat 125 and evaluate whether instream environmental conditions varied among stream types. We 126 measured water temperature for a full year (2015-2016) with in situ loggers (HOBO Pro v2, 127
Onset Computer Corporation) that recorded temperature hourly. We measured specific 128 conductivity (SPC), oxidation-reduction potential (ORP), pH, and dissolved oxygen (DO) with a 129 7 sediments (TSS) were measured by filtering known volumes of streamwater through pre-133 weighed filters (PALL Type A/E glass fiber filters) and measuring dry mass to the 10 -5 grams. 134
Using the annual temperature data from each stream, we calculated mean temperature for 135
the entire year (T YEAR ), mean temperature between the summer solstice (21 June) and autumn 136 equinox (22 September; T SUMMER ), and maximum annual temperature range (T RANGE ). We also 137 estimated the date when seasonal snow covered (S ON ) and uncovered (S OFF ) each site by visually 138 inspecting thermographs to approximate the date when intraday variation ceased and in-stream 139 temperatures became constantly ~0°C (S ON ) or the opposite occurred (S OFF ). Using these values, We quantitatively sampled benthic macroinvertebrates at each site using a Surber sampler 149 (Area: 0.09 m², Mesh size: 243 μ m). At each location, a composite sample of 5-10 replicates was 150 collected depending on stream size, apparent biomass, and microhabitat diversity. Samples were 151 elutriated in the field to reduce the amount of inorganic substrate and stored in Whirl-Pak bags 152 with ~80% ethanol. In the laboratory, invertebrate samples were divided into large (>2 mm 153 mesh) and small (between 250 µm and 2 mm) fractions. For the large fraction, all invertebrates 154 were identified. The small fraction was subsampled using the record player method when smaller 155 invertebrates were numerous (Waters 1969) . Invertebrates were sorted, identified to the lowest 156 taxonomic level possible and counted under a dissecting microscope using keys in Merritt et al. 157 (2008) and Thorp & Covich (2010) . Insects were typically identified to genus when mature 158 specimens were present, except Chironomidae which were classified into two groups, 159
Tanypodinae or non-Tanypodinae. We estimated density by summing the total number of 160 individuals for a given site and dividing by the area of streambed sampled. We calculated 161 biomass by measuring the length of the first 20 individuals of each taxon and then using length-162 mass regressions to estimate individual biomass (Benke et al. 1999 ). We multiplied the mean 163 individual biomass for each taxon by the total number collected to estimate total biomass. 
Environmental variation 192
The upper sites of our study streams clearly separated into three groups according to the 193 glaciality index: glacier-fed streams, snowmelt-fed streams, and icy seeps ( Figure 2 ; Table 2) . 194 snowmelt-fed streams and lowest in glacier-fed streams ( Table 2) . Annual temperature range 196 (T RANGE ) was highest in snowmelt-fed streams and lowest in icy seeps. Specific conductivity was 197 highest in icy seeps (SPC >100 μ S cm -1 at upper sites) and minimal in the other two stream types 198 (Table 2) . Total suspended solids (TSS) was highest in glacier-fed streams (mean TSS, glacier-199 fed = 0.157 g/L, Table 2 ), indicating active glacier beds were present upstream. Summer 200 temperature (T SUMMER ) was low in glacier-fed streams (mean = 1.6 °C) and icy seeps (mean = 10 2.2 °C), and higher in snowmelt-fed streams (mean = 6.9 °C; Table 2 ). T SUMMER was correlated 202 with T RANGE and therefore excluded from the PCA. Upper sites were on average 1.2°C colder in 203 the summer and had less stable stream beds than lower sites (mean PI, upper = 27; mean PI, 204 lower = 20.33; Table 1 ). Other environmental metrics (i.e., DO, pH, ORP, days under snow) did 205 not vary consistently among stream types or between upper and lower sites (Table 2) . 206 207
Biological variation 208
We collected a total of 35 invertebrate taxa of which 28 were insects (Supplementary 209 Appendix 1). Insects composed 95% of the total mean densities and 92% of the total biomass. 210
The highest densities, biomass, and richness of invertebrate communities were collected in 211 snowmelt-fed streams. Total macroinvertebrate density did not differ among stream types (F = 212 1.3, df = 2, P = 0.31; Figure 3A ), but biomass was ~7x higher in snowmelt-fed streams compared 213 to glacier-fed streams and icy seeps (F = 7.1, df = 2, P < 0.009; Tukey's HSD, P ≤ 0.02; Figure  214 3B). Additionally, invertebrate richness was ~2x higher in snowmelt-fed streams than glacier-fed 215 streams and icy seeps (F = 10.4, df = 2, P < 0.002, Tukey's HSD, P < 0.008; Figure 3C ). We 216 observed generally higher and more variable densities (F = 2.7, df = 1, P = 0.13; Figure 3D ) and 217 higher biomass (F = 2.6, df = 1, P = 0.13; Figure 3E ) at the lower sites. We also observed ~50% 218 more taxa at lower versus upper sites (F = 8.5, df = 1, P = 0.012; Figure 3F ). Pearson 219 correlations between richness or biomass and S DURATION , T SUMMER, or streambed stability 220 indicated that only T SUMMER was significantly correlated with the biological responses (Richness: 221
Pearson r = 0.81, P = 0.002; Biomass: Pearson r = 0.63, P = 0.038; Figure 4 ). Spearman's rank-222 order correlations of the same relationships exhibited similar patterns, again with only T SUMMER exhibiting significant correlations with richness (Spearman's r = 0.89, P = 0.003) and biomass 224 (Spearman's r = 0.67, P = 0.023). 225
The most stable NMS solution for comparing community structure between upper and 226 lower sites in 2015 was three-dimensional (stress = 9.6). The first two axes explained 88% of the 227 total variation. Communities from the six lower sites overlapped substantially in ordination space 228 with communities from the six upper sites (MRPP A = 0.013; P = 0.27). However, the mean 229 pairwise community distance was greater among the upper sites than the lower (0.58 vs. 0.47), a 230 trend that is apparent in the NMS bi-plot ( Figure 5A Figure 5B ). MRPP results suggested that communities occupying these three stream types were 238 significantly different from one another (A = 0.19; P = 0.006). Pairwise differences were strong 239 between glacier-fed and snowmelt-fed communities (A = 0.21; P = 0.005) and were weaker but 240 significant for the two pairs that included icy seep communities (icy seep vs. glacier-fed: A = 241 0.11; P = 0.05; icy seep vs. snowmelt: A = 0.12; P = 0.03). diversity among our upper sample sites than our lower sites, even with wide variation in 283 landscape features (e.g., a lake separating stream reaches at one of our sites) and variable 284 distances between upper and lower sites among our six focal streams. This spatial pattern 285 suggests that in the Teton Range, like elsewhere in the world, heterogeneous hydrological 286 sources bolster regional-scale alpine stream biodiversity. 287
Ultimately, the degree to which alpine streams will be affected by climate change in 288 terms of flow magnitude and persistence remains largely unknown. While many studies of alpine 289 streams operate under the assumption that perennial flow will continue for many streams in the bold with trendlines shown. The number of data points varies across plots due to a lack of snow 480 cover at upper Wind Cave during the study period and a failed temperature logger at lower South 481 Fork Teton Creek (see Table 2 ). 
